The transport properties of bistable organic/metal nanoparticle/organic devices are investigated within the single-band Hubbard model. The effect of two electrodes on the molecules with the nanoparticles is taken into account by using the Newns' chemisorption theory. The Coulomb interactions between the electrons in the Hubbard model are treated by the spectral density approach. The transmission probabilities of the system are calculated as a function of the energy, the organic layers' thickness, and the hopping term for the organic layers. At small bias, the transmission probability is small near the Fermi level if no charges are trapped in the system, which corresponds to the low-conductance state of the device. Above a threshold bias, the electrons within the nanoparticles will tunnel resonantly from one side to the other side, and the resulting positivenegative charges are trapped at both sides of the nanoparticle layer, in which case the transmission probability increases tremendously near the Fermi level, resulting in the high-conductance state. The layer-dependent densities of states are used to investigate the phenomena in detail. The transmission probability decreases exponentially as the thickness of the organic layers increases.
I. INTRODUCTION
In recent years, the electrical transport properties between two electrodes through an organic molecular layer have attracted a lot of attention both in experiment and in theory It was first suggested by Aviram and Ratner, 1 that such a system should have the ability to rectify current. Recent experiments on molecular wires have included the studies of conduction in molecular thin films, 2, 3 in the self-assembled monolayers using scanning tunnel microscopy, 4 -8 and in single molecules that are connected between the tips of a mechanically controlled break junction. 9 Memory phenomena and devices are one of the most interesting phenomena in organic materials, and have been widely studied in the past years. [22] [23] [24] [25] [26] [27] [28] However, the organic bistable phenomenon has been found to be unreliable for long-term operations. Recently, a significant improvement was achieved when an ultrathin metal nanocluster layer is embedded between two organic layers. The resulting structure shows a unique electrical bistable behavior. [29] [30] [31] This device is defined as organic bistable device ͑OBD͒. The typical structure of an OBD consists of an organic/metal/organic trilayer structure interposed between an anode and a cathode. [29] [30] [31] When applying a low bias, there exist two stable conducting states. The highconductance state ͑ON state͒ and the low-conductance state ͑OFF state͒ differ in their conductivities by several orders in magnitude and show remarkable retention. Once the device reaches either states, it tends to remain in that state for a prolonged period of time, and can be switched back and forth by applying a forward voltage pulse and a reverse voltage pulse.
The typical current-voltage curve from the experimental results is shown in Fig. 1 . For the first bias ramping, the current injection of the device is very low initially and the device shows the OFF state. When the applied voltage (⌽) is over a critical value (⌽ sw ), the device switches to the ON state. For the second bias running, the device remains at the ON state. The ON state can be erased to the OFF state by applying a small reverse bias. 31 Therefore the device can be electrically programmed for nonvolatile memory applications.
Various interpretations of the bistable phenomena have been proposed in the past, [22] [23] [24] [25] [26] [27] [28] such as the transition from an amorphous state to a more long-range ordered state, the overlapping of the tails of the conduction and valence bands, and the formation of a metal bridge between the electrodes. 24 The internal rotation of the individual molecular complexes was proposed in Ref. 28 . However, the performance of our OBDs is sensitive to the components of the middle metal layer. 29 This middle layer must have a nanoparticle structure. There exists a critical thickness for the nanoparticle layer, above which the bistable phenomenon appears, while below it the bistable phenomenon disappears. 29 The conductance transition was considered as a result of the charge redistribution in FIG. 1 . The typical I-V curve for our OBD device measured experimentally. The film is an Al ͑80 nm electrode͒/AIDCN ͑40 nm͒/Al ͑20 nm͒/AIDCN ͑40 nm͒/Al ͑80 nm electrode͒ structure. Here AIDCN stands for 2-amino-4, 5-imidazoledicarbonitrite.
the middle nanoparticle layer in Ref. 29 . It was shown by some experiments that the charge transfers from one side to the other side in nanoparticles forming a positive-negative electronic region. However, there is still a lack of theoretical understanding for the interpretation, and how this redistribution of the charge occurs is not clear. In the present paper, we propose a theoretical approach to the mechanism of the OBD's.
We refer to the electrode/organic/metal nanoparticles/ organic/electrode system as a one-dimensional structure. The total number of the organic molecules and the nanoparticles is N. Here the number of two organic molecules are d o1 and d o2 , respectively, and the number of the nanoparticles is d n . Thus Nϭd o1 ϩd o2 ϩd n . The Hubbard model is used here to study the organic molecules and the nanoparticles. 33, 34 In the Hubbard model, each site represents an organic molecule or a nanoparticle. The interaction between two nearest-neighbor sites t i j is determined by the hopping term. We consider a weak interaction between nearest-neighbor sites, that is, t i j is much smaller than the on-site Coulomb interaction U(i). The strong Coulomb interaction between the electrons causes the energy band to split into a higher-and a lower-energy subband. These two subbands are separated by an energy amount of the order of U(i). Thus there is an energy gap in the nanoparticles, its value being equal to the on-site Coulomb interaction of the nanoparticles U n . This separation of energy band is caused by the quantum effect of the nanoparticles. Without the applied bias, the system is in the noncharged state. The lower subband of nanoparticles is fully occupied, while the upper subband is empty. As the applied bias increases, the energy of the nanoparticles close to the anode will decrease due to the applied electrostatic potential, while that of those close to the cathode will increase. As a result, the energy of the lower subband of the nanoparticles close to the cathode will match the energy of the upper subband of the nanoparticle close to the anode. The electrons will tunnel resonantly from the lower subband in one nanoparticle to the upper subband in the other nanoparticle with the same energy, forming partial occupied states-charged states, which are responsible for the ON state. This is similar to the treatment with hopping conductivity in granular metals. 32 The switch-on voltage is the voltage that makes the difference of electrostatic potentials between nearestneighbor nanoparticles E c equal to the energy gap between these two nanoparticles. As the bias increases further, the system is still in the charged state. When the applied bias decreases, the electrons in the upper subband of one nanoparticle should hop to the lower subband of nearest-neighbor nanoparticle. However, due to the high barrier between the two nanoparticles originating from the native insulator coatings, 29 the trapped charges are still there when the bias is off. This is the nonvolatile memory behavior of OBD's.
The Hubbard model was originally introduced to explain band magnetism in transition metals, and it has become a standard model to study the essential physics of strongly correlated electron systems over the years. It was also used to explain the current-voltage characteristics of molecular wires. 20, 35 This model, though in principle is rather simple, it provokes a nontrivial many-body problem that could be solved only for some special cases. [36] [37] [38] [39] [40] [41] [42] Thus we require an approximation scheme, which is simple enough to allow an extended study of electronic correlations. On the other hand, it should be clearly beyond Hartree-Fock ͑Stoner͒ theory, since we believe a reasonable treatment of the electron correlation effects to be vital for a proper description of electrical properties especially for nonzero temperatures. In this paper we use the spectral density approach 43, 44 ͑SDA͒ to deal with the Hubbard model. The SDA, which reproduces the exact results of Harris and Lange 45 which concern the general shape of the spectral density in the strong-coupling limit ͓U(i)ӷW, W: bandwidth of the Bloch density of states͔, leads to a rather convincing result concerning the Hubbard model. 43, 44, 46 By comparison with different approximation schemes for the Hubbard model as well as numerically exact quantum Monte Carlo calculations in the limit of infinite dimensions, it showed 47 that the correct inclusion of the exact results of Harris and Lange 45 in strong-coupling regime is vital for a reasonable description of the properties of the Hubbard model. The paper is organized as follows. The Hamiltonian of our model is proposed in Sec. II followed by description of our calculation of electrical current in Sec. III. In Sec. IV the solution for the Green function is presented with the treatment of the partition technique and with SDA. The results of the numerical evaluation of the theory and the discussions on the electrical behavior of the OBD systems are given in Sec. V. Finally, a summary is given.
II. THE HAMILTONIAN OF THE SYSTEM
We consider a one-dimensional system including two electrodes, organic molecules, and metal nanoparticles ͑Fig. 2͒. According to recent experimental results, 48 the metal nanoparticles were represented as metal nanoparticle cores coated with organic molecules or oxides. This is important in our theory, because as one can already see, the charge redistribution in the nanoparticles is the origin of the bistable memory.
The Hamiltonian of the system can be written as where H 0 is the Hamiltonian for the noninteracting parts ͑left and right electrodes, the organic molecules, and the metal nanoparticles͒, and V is the interaction between the electrodes and the organic molecules. The noninteracting Hamiltonian H 0 is given as
where
is the Hamiltonian of the left and right electrodes, a k P , ϩ (a k P , ) is the creation ͑annihilation͒ operator for an electron with spin and energy ⑀ k P , , and k is the wave vector. We use the Hubbard Hamiltonian to study the organic molecules with the metal nanoparticles,
where c i ϩ (c i ) is the creation ͑annihilation͒ operator for an electron with spin at the site i for the organic molecules or the metal nanoparticles. n i ϭc i ϩ c i is the number operator with spin at site i. U(i) are the on-site Coulomb interactions for the organic molecules and the metal nanoparticles at site i. t i j are the hopping terms between the electrons at nearest-neighbor sites. t 0i is the on-site hopping integral at site i.
is the interaction between the organic molecules and the electrodes. V k P i ( PϭL,R) is the strength of the interaction between electrodes and the nearest molecules. We assume that the left electrode can only interact with the first molecule, while the right electrode interacts with the last molecule.
III. CALCULATION OF ELECTRICAL CURRENT
We consider the transport of electrons through the organic molecules with the metal nanoparticles by modeling it as a one-electron elastic-scattering problem. An electron incident from the left electrode with an energy E has a transmission probability T(E) to scatter into the right electrode. In the system, we suppose that the coupling between the two electrodes is weak, therefore, we can use the Landauer formula 49 to calculate the transmitted current as a function of the bias voltage ⌽,
where f (E) is the Fermi distribution. The energy difference in the Fermi function of the left and right electrodes comes from the applied bias voltage ⌽. eϾ0 is the elementary charge. At zero temperature and in the limit ⌽→0
Iϭ e
where E F is the Fermi level of the system. Therefore the transmission probability near the Fermi level is most important for the electrical current at zero temperature. The transmission probability can be obtained from the scatting theory
a state k L in the left electrode to a state k R in the right electrode with energy E. E L (E R ) is the energy of electrons in the left ͑right͒ electrode. T is an operator in the scattering theory. In the weak-coupling limit of the two electrodes, the T operator TϭVϩVGV ͑9͒
is usually replaced by its second term only. The first ''direct'' term V vanishes because there is no direct interaction between the states of the left and right electrodes.
Ϫ1 is the Green function of the system. Thus we get
where G 1N (E) is the (1,N) element of the Green function of the system in a matrix representation. ⌫ P (E) (PL,R) is
͑11͒
The summation is over all the eigenstates of the left and the right electrode.
IV. SOLUTION TO THE GREEN FUNCTION
The basic quantity to be calculated is the retarded singleelectron Green function G(E), which includes all relevant information about system. In the matrix representation with a basis including the two electrodes, the organic molecules, and the metal nanoparticles, the Green function is the inverse of an infinite matrix. The Hamiltonian matrix is also an infinite matrix. In Ref. 21 , Mujica et al. have proved that the Hamiltonian matrix can be exactly mapped into a reduced matrix defined in the space of states of the molecular wire, hence of dimension NϫN. In our system, the infinite matrix of the Hamiltonian can be mapped into a NϫN matrix of the organic molecules with the metal nanoparticles subspace. Let H MN be the matrix of the Hamiltonian of the organic molecules with the metal nanoparticles, then the reduced Hamiltonian matrix of the system, H MN , differs from H MN only in both the first and last diagonal elements, (1,1) and (N,N) , which are explicitly given by
where ⌸ 1(N) (E) is a self-energy contribution of the electrodes given by
In the Newns' chemisorption theory, 34 ⌳ L (E) and ⌬ L (E) have the forms
͑15͒
where ␥ is half the electrodes energy bandwidth, and E is measured from the center of the energy band of the electrodes. The similar expression for ⌺ R can be obtained. After the partition technique solution, the problem of the Green function is reduced to solve the Green function of the organic molecules and the metal nanoparticles with additional self-energy terms of electrodes to the (1,1) and (N,N) elements. Thus we only need to solve Green function of the Hubbard model. However, the Hubbard model is a nontrivial problem, it can be solved only in some special cases. [36] [37] [38] [39] [40] [41] [42] In this paper, we use spectral density approach to the Hubbard model, which leads to a rather convincing result. In the following, we give only a brief derivation of the SDA solution and refer the reader to previous papers for a detailed discussion 44, 46, 47, 51 . The Green function can now be given as
is the site-dependent electronic self-energy which incorporates all the effects of the electron correlations.
The key point of the SDA is to find a reasonable ansatz for the self-energy. Guided by the precise solvable atomic limit of vanishing hopping (t i j ϭ0) and by the findings of Harris and Lange 44 in the strong-coupling limit ͓U(i)/t i j ӷ1͔, a one-pole ansatz for the self-energy ⌺ i (E) can be motivated: 43, 44, 46, 47, 51 
The self-energy depends on the spin-dependent occupation numbers n i and the so-called band shift B i . The band occupation can be obtained from the imaginary part of the Green function,
The band shift B i consists of higher correlation functions:
͑19͒
Although B i consists of higher correlation functions, it can be expressed exactly via Im G i and ⌺ i (E):
43,44,46,47,51
Now a closed set of equations for the Green function is established via Eqs. ͑16͒-͑18͒ and ͑20͒, which can be solved self-consistently.
V. RESULTS AND DISCUSSION
In our calculations, we keep the on-site Coulomb interaction in the organic molecules fixed at U o ϭ2.0 eV. The onsite Coulomb interaction in the metal nanoparticles fixed at U n ϭ0.5 eV. 52 The bandwidths of the two electrodes are 2␥ϭ10.0 eV. The center of the energy band in the left electrode is located at E F Ϫe⌽/2, and in the right electrode at E F ϩe⌽/2 due to the applied electrical bias ⌽. The Fermi energy level is set to zero. The hopping terms between the organic molecules, between the metal nanoparticles, and between a molecule and a nanoparticle are set to be smaller than that used in the literature 20 for the conductance in molecular wires. Because the hopping term represents the overlapping between the nearest electrons, the electron hops intermolecularly in our system, while it happens intramolecularly in the molecular wires. It was shown that the conductance of molecular wires through the molecular overlapping is two orders smaller than through one molecule. 13 This means the hopping terms between nearest molecules are about one order smaller than between nearest atoms within a molecule. In the following, the hopping term between the nearest organic molecules is defined as t oo , the term between the nearest organic molecules and the metal nanoparticle as t on , and the term between the nearest nanoparticles is t nn . We will refer to the considered structure electrode/organic molecules/nanoparticles/organic molecules/electrode as
It should be noted that the spatial profile of the electrostatic potential is not considered in our self-consistent calculation. Instead, we only calculate the spatial profile of the electrostatic potential in two supposed cases ͑charged and noncharged states͒. This profile will affect the local energy terms t 0i . On the other hand, the change of local energy terms will affect the distribution of the spatial concentration of the charges. These effects should be solved simultaneously with the coupling quantum mechanic equation and Poisson equation. 53, 14 In our calculation, we fixed the band occupation for each site, and adjust the local energy term to fit the band occupation. In addition, we assume that the electrical neutral state is the state where each site has a band occupation of n i ϭ1.0. Thus the charged state refers to the state with n i 1.0 for any site. For the noncharged states, the band occupation of each site is n i ϭ1.0, the local energy for the organic molecules is set to t 0 ϭϪ1.0 eV and that for the nanoparticles to t 0 ϭϪ0.25 eV. The charged state is a metastable state; it cannot be obtained from the self-consistent solution of the Hamiltonian. There are two ways to get the charged states: the first one is fixing the Fermi energy for the whole system, and adjusting the local energy for each site to fit the band occupation of each site, which corresponds to adjusting the electrostatic potential of each site. The second one is fixing the local energy and adjusting the Fermi energy for each site. On the other hand, there may exist many selfconsistent solutions for the Hamiltonian model, but here we are only interested in the nonmagnetic solution and calculate the self-consistent solution from a higher temperature to a lower temperature.
First, let us see the influence of the metal nanoparticles on the properties of the organic molecular films. In Fig. 3 , we plot the transmission probabilities as a function of energy for the cases with and without the nanoparticles. Without the nanoparticles ͓Fig. 3͑a͔͒, the transmission probability renders several peaks at the energy around EϭϮ1.0 eV. Because the Coulomb repulsion between the organic molecules is U o ϭ2.0 eV, the energy bands of the molecules are located around EϭϮ1.0 eV. For the other energy regimes, T(E) is very small. When a thin metal nanoparticle layer is inserted into the organic layers ͓Figs. 3͑b͒ and 3͑c͔͒, the transmission probabilities change significantly, especially for the case where electrons are redistributed in the metal nanoparticles ͑polarized state͒ ͓Fig. 3͑c͔͒. For the noncharged state ͓Fig. 3͑b͔͒, two small additional peaks of T(E) appear with the energies around EϭϮ0.25 eV, where the energies of the metal nanoparticle energy bands are located. Because the Fermi level is located in the gap between the two Hubbard subbands of the organic molecules and of the metal nanoparticles, the transmission probability is very small at the Fermi level. Therefore the conductance of the system is very small for the case without the metal nanoparticle layer, and the case with the metal nanoparticles at noncharged state. However, when the electrons are redistributed in the metal nanoparticles ͓Fig. 3͑c͔͒, the situation changes significantly. As one can see from Fig. 3͑c͒ , the charge in the metal nanoparticles plays an important role to determine the transmission probability, especially at the energy near the Fermi level. At the polarized state, T(E) at the Fermi level becomes much higher than that of noncharged state. T(E) exhibits some peaks at the energies around the Fermi level, which are corresponding to the energy bands of the metal nanoparticles. The peaks of T(E) induced by the organic molecule energy bands shift to the energies farther from the Fermi energy (EϳϮ1.8 eV) in the polarized state compared to the noncharged state. This will induce large electrical current in the structure. As for the experimental I-V behavior shown in Fig.  1 , for the first bias running from 0 to 4 V, the current is very low and increases slowly at bias below 2 V. The metal nano-
FIG. 3. The transmission probabilities T(E) as a function of energy for the following cases:
͑a͒ pure six-layer organic molecular film; ͑b͒ 2/2/2 structure and without electron charge in nanoparticles ͓n(3)ϭn(4)ϭ1.0͔; ͑c͒ 2/2/2 structure with charge redistributed in the nanoparticle layer ͓n(3)ϭ1.4,n(4)ϭ0.6͔. The schematic structures of the device for the OFF state and ON state are plotted at the right corner. Other parameters are t oo ϭt on ϭ0.025 eV, t nn ϭ0.05 eV, ⌽ ϭ0.0 V, Tϭ50 K, V k L 1 ϭV Nk R ϭ0.05 eV, the band occupation of organic molecules is n o ϭ1.0.
particles will have no charges trapped in them. This is corresponding to the OFF state in Fig. 3͑b͒ . As the applied bias increases, the electrostatic potential for the electrons in the nanoparticles close to the anode will drop while that near the cathode will increase. At the threshold bias voltage (⌽ sw ), the electrons at the metallic core of the nanoparticles close to the cathode will tunnel to the other side, forming the polarized state. This will result in the rapid increase of the electrical current in the system ͓from Fig. 3͑b͒ to Fig. 3͑c͔͒ . When the bias decreases, this polarized state remains due to the barrier between nanoparticles, so the system remains in the ON state. We would like to point out that the ON state is a metastable state, and the charge is trapped in the nanoparticles. Thus there must exist a potential barrier between the two nanoparticles on both sides, so that the charges can be stored in the nanoparticles. This is exactly what the experiment shows, because in our recent experiments, the memory phenomenon only appears for the case where the middle metal nanoparticles were coated with the organic molecules or oxides.
However, the same-kind charge trapping in the nanoparticles might also occur through charge injection from the electrodes. The transmission probability T(E) may also increase tremendously near the Fermi level in this case. 54 From the experimental results, 29 we think that the mechanism of our OBD device can be explained by the charge redistribution in the nanoparticles. First, the ON state can be erased only by a small negative bias. For the same-kind charge trapping in the nanoparticles, the system will be symmetrical. Therefore, a small positive as well as a small negative bias will erase the ON state. However, this is not found in our experiments. Second, if the bistable phenomenon is caused by the same-kind charge trapping in the nanoparticles, the switching voltage may depend on the scanning speed of the applied voltage. In our experiments, the same switching voltage is observed for different scanning speeds of the applied voltage. Third, the switching voltage is independent of the temperature 55 which indicates a tunneling process for charge redistribution, rather than a charge injection-trapping process, which is thermally active. Finally, the switching speed of the OBD is in nanoseconds range, which also supports the argument that the charge redistribution occurs by resonant tunneling within the nanoparticles, rather than by the samekind charge injection trapping.
The layer-dependent density of states ͑DOS͒ is shown in Fig. 4 for the same cases as in Fig. 3 . The strong Coulomb interaction between the electrons causes the spectrum to split into a high-and a low-energy subband ͑''Hubbard splitting''͒. These two subbands ͑''Hubbard bands''͒ are separated by an energy amount of the order U(i). In onedimensional system, the upper and the lower subbands contain several isolated peaks. Without the hopping effect, the peaks will appear only at the energy levels of the upper ͑corresponding to the lowest unoccupied molecular orbit͒ and the lower ͑corresponding to the highest occupied molecular orbit͒ Hubbard subbands of the organic molecules and the eigenvalues of metal nanoparticles. Due to the hopping effect, each peak splits into several little peaks. In the case of charged state ͓Fig. 4͑c͔͒, the peaks of the DOS in the metal nanoparticles (iϭ3,4) shift in a different way. The resultant peaks of the DOS in the organic molecules (i ϭ1,2,5,6) also shift in different ways. Thus there exist several peaks around the Fermi level. This is the reason why T(E) is much higher around Fermi energy in this case.
In order to see the spatial distribution of the electrostatic potential, we calculated the electrostatic potential for noncharged and charged states at different applied bias ͑Fig. 5͒. We do not consider the potential drop at the interface between the electrode and the organic layers. The dielectric constant for the nanoparticles is chosen to be 2.0 as an average. The structure is substrate/Al ͑80 nm͒/organic layer ͑40 nm͒/middle layer ͑20 nm͒/organic layer ͑40 nm͒/Al ͑80 nm͒ which is the typical structure in our experiments. We assume that there are two nanoparticles in the middle metal layer, FIG. 4 . The layer-dependent density of states as a function of energy for the same cases as in Fig. 3 . All the parameters are the same as in Fig.  3. and the charge distributes evenly in the nanoparticles. The diameters of the nanoparticles are 6 nm. The distance between the centers of neighboring nanoparticles is d nn ϭ14 nm. The potential at center of the system is set to zero, therefore the potentials at the left and the right electrodes are Ϯe⌽/2 which depend on the position of anode and cathode. We assume that the left electrode is the anode. Thus the potential at the left electrode is Ϫe⌽/2Ͻ0, and at the right electrode is e⌽/2Ͼ0. It is apparent that the potential increases linearly from the left to the right electrodes in the noncharged states. As we mentioned in the itroduction, the switching voltage is the voltage which makes the difference of electrostatic potential between the nearest-neighbor nanoparticles equal to the gap of the energy level of nanoparticles. In our case, the energy gap of nanoparticles is U n ϭ0.5 eV, which gives the switching voltage ⌽ sw ϭ(U n /d nn )d tot to be about 3.6 V (d tot is the thickness of the system except the electrodes͒. It is in close agreement with our experimental results. The variation of experimentally measured switching voltage is due to the variation of the distance between nearest nanoparticles and the variation of the size of the nanoparticles. However, when the electrons redistribute in the nanoparticles, the electrostatic potential changes a lot. The potential drops slowly in the middle nanoparticle layer. The major drop of potential is across the organic molecular layers. Even at a very low bias, the potential will have a negative drop at the nanoparticles compared to the drop across the whole system. This results in the electrical potential drop across the organic molecular layers being larger than the applied bias.
Let us now turn our attention to the influence of the hopping term of the organic molecules on T(E). The hopping dependence of T(E F ) at Fermi level is plotted in Fig. 6 . T(E F ) increases quickly as the hopping term t oo ϭt on increases at small t oo . It will reach a saturation value as t oo increases to a large value. This means that the increase of the overlap between the organic molecules will increase the conductance of the organic molecules and the nanoparticle system. This is because as the hopping increases, the electrons are easier to transmit through the regime of the organic molecules and the metal nanoparticles.
The effect of the thicknesses d o1 ϭd o2 ϭd o of the organic molecules on T(E F ) is plotted in Fig. 7 . As the thickness of the organic molecules increases, the resistance to scattering electrons increases too. Thus the transmission probability will decrease. One can see that T(E F ) decreases exponentially as d o increases. This is the same as the theoretical FIG. 5 . The electrostatic potential for noncharged and charged states of the structure substrate/Al ͑80 nm͒/organic layer ͑40 nm͒/ middle layer ͑20 nm͒/organic layer ͑40 nm͒/Al ͑80 nm͒ for different applied bias ⌽. There are two nanoparticles in the middle nanoparticle layer. ͑a͒ Noncharged state ͑OFF state͒; ͑b͒ charged state ͑ON state͒, the charge in the two nanoparticles is q 1 ϭϪ0.4e,q 2 ϭ0.4e which is the same as the parameters in Fig. 3 . The x axis is measured from left organic layer to the right organic layer. results obtained in the pure molecular wires in the case of the small hopping term. 17, 21, 16, 56 This is because the hopping term is much smaller compared to the energy gaps of the molecules.
VI. SUMMARY
In this paper, we studied the transport properties of the organic bistable device. We think that the mechanism of the bistable phenomenon is caused by the charge redistribution in the nanoparticle layers. By the calculation of transmission probability, we find that the charge redistribution in the nanoparticles plays a very important role for the transport properties of the OBD. The transmission probability T(E) increases tremendously near the Fermi level in the polarized state compared to the noncharged state.
The thickness and hopping effect on the transport properties are discussed in detail. The transmission probability decreases exponentially as the thickness of the organic molecules increases. The transmission probability will increase as the hopping term of the organic molecules increases. But the hopping dependence of the transmission probability is neither a linear one nor an exponential one.
